is pilot signal is used for the reference signal. The LMS performance of an LMS adaptive array in which the pilot signal is aptive ar red for the used as the reference signal is examined. It is shown that the LMS referene signallot signals er ces. norde adaptive array occasionally suppresses the desired signal. The loop seearaee s apilot signal)eas itherfreqncy ofter po gain whih i an mpotantparmete, i als cosideed.separate the-pilot signal easily, the frequency of the pilot gain, which is an important parameter, is also considered.
signal is usually different from that of the information signal. For various conditions which will be discussed later, the information signal can be suppressed by the LMS adaptive array. The problem of information signal suppression in an LMS adaptive array has not been previously considered and is described in detail here.
The information signal suppression problem may be circumvented by decreasing the array loop gain.
However, since lower values of loop gain yields poorer interference suppression performance, it is important to choose an appropriate value for loop gain. In this paper, we obtain an upper bound for the loop gain which keeps the output signal-to-noise ratio (SNR) above the required value when no interference signal is present. This result is useful for setting the loop gain in practical systems. This paper is organized as follows. Section II describes the structure of the LMS adaptive array in which the pilot signal is used for the reference signal. Section III describes the steady-state performance of the LMS adaptive array. Information signal suppression is discussed in detail. Section IV describes the upper bound of the loop gain. Section V contains conclusions.
THE LMS ADAPTIVE ARRAY
Let the desired signal consist of two portions as shown in Fig. 1 . One is the information signal which is to be transmitted. The other is the pilot signal which is Manuscript received July 23, 1984; revised April 25, 1985. known at the receiver. We assume that both are Authors' address: Department of Electronic Engineering, Hokkaido narrowband signals and that they are statistically University, Kita 13, Nishi 8, Kita-Ku, Sapporo 060, Japan. independent of each other. (5) shown in Fig. 2 . In this paper we use complex-valued quantities. The pilot signal is used for the reference The asterisk and I denote complex conjugate and an signal. In a case where the pilot signal is a pure tone, the N X N identity matrix, respectively. reference signal may be generated by a phase-lock loop.
Here 
l P > : r O U T P U T S and g are defined as
(m~~~~~~~~~~~= P~~l SI(',1gA= GPn. computed. Then, W is given by
We assume that the weight is controlled by a low-pass W = Vp* -hs+l V (10) filter and amplifier instead of an integrator. We express the amplifier gain as G.
where h = g/(g + 1) and (11) c -VT' VpIN.
111. ARRAY PERFORMANCE.
.. ..
c is the spatial correlation coefficient of the We assume for simplicity that each element is information signal and the pilot signal through the isotropic and that all mutual impedances are zero.
adaptive array [6] .
Moreover, we assume that thermal noise components on Using (10), the output thermal noise power and output different elements are independent of each other and that information signal power are obtained as follows: they have the same power P, output thermal noise power We express the complex weight for the mth element as Wm and the N-dimensional weight vector as W, that is,
NPIf1 2cc*hNS +cc*h2 N2 S21 steering signal [7] . The desired signal suppression by both adaptive arrays is due to the equivalent cause;
In the following, it is assumed that Od = 900, namely, we namely, having the information signal on one frequency deal with the worst case of the information signal and the pilot signal on another is electrically equivalent to suppression. having the information signal arriving from one angle and Fig. 4 shows the array patterns at the information the steering signal pointing to another on the same signal frequency fa for several values of input SNR. frequency.
When the input SNR is small (=0O dB), it is seen that From (11), (12), and (15), it may be said that the the main beam is formed toward the desired signal arrival information signal suppression depends on the input SNR, direction. In this case, the output SNR is proportional to loop gain, array structure, pilot signal frequency, the input SNR. When the input SNR is high (= 40 dB), (1) . The Input SNR (dB) and arrives from 0, relative to broadside. Moreover, it is Furthermore, let g' and g" be the values of gu which correspond to S' and S", respectively. Since hu is the suppression performance is degraded. Considerations on unimodal function of S, the lower value of either h' or K the loop gain are discussed further in Section IV. is the upper bound of h_ for S' < S S". Moreover, since h is the monotone increasing function of g, the lower value of either g' or g'`is the upper bound of the IV. UPPER BOUND OF LOOP GAIN loop gain over a given dynamic range of the input SNR. As may be seen from the results obtained in Section Fig. 9 shows the upper bound of g as a function of III, the loop gain is very important in the LMS adaptive input SNR for several values of r. This figure assumes array. It is desirable to obtain the optimum loop gain A = 20 dB. From these curves, the upper bound of g is which maximizes the output signal-to-interference-pluseasily obtained. Assume, for example, r= 0.5 percent noise ratio (SINR) . Unfortunately, the output SINR and the input SNR varies from 15 dB to 30 dB. The depends highly on the radio environment. Thus, it is very upper bound of g for the input SNR = 15 dB is 0.2883. difficult to obtain the optimum value. In this section, we And the one for the input SNR = 30 dB is 0.0973. Thus obtain the upper bound of the loop gain which keeps the 0.0973 is the upper bound of the loop gain which keeps output SNR above the required minimum value in the the output SNR above 20 dB over the whole dynamic case where no interference signal is present. We may say range of the input SNR in the case where no interference that the upper bound value gives maximum interference signal is present. protection but eliminates the problem of desired signal m suppression.
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Since the loop gain is positive, 0 < h c 1 holds. (1-h0) (22) the desired signal whose frequency is different from that a a R~~~~~~~~~~~~of the pilot signal. This is because the LMS adaptive is the upper bound of the loop gain, array regards the desired signal as the interference signal.
(2) Information signal suppression depends on the An adaptive array for interference rejection. input SNR, loop gain, array structure, pilot signal Proceedings of the IEEE, 61, 6 (June 1973), 748-758. frequency, information signal frequency, and desired [31 Hansen, P.M., and Loughlin, J.P. (1981) Adaptive array for elimination of multipath interference at signal arrival direction. [6] Lin, H.C. (1982) Spatial correlations in adaptive arrays.
